ABSTRACT: Surgical repair is a common treatment for rotator cuff tear; however, the retear rate is high. A high degree of suture repair strength is important to ensure rotator cuff integrity for healing. The purpose of this study was to compare the mechanical performance of rotator cuffs repaired with a mesh suture versus traditional polydioxanone suture II and FiberWire sutures in a canine in vitro model. Seventy-two canine shoulders were harvested. An infraspinatus tendon tear was created in each shoulder. Two suture techniques-simple interrupted sutures and two-row suture bridge-were used to reconnect the infraspinatus tendon to the greater tuberosity, using three different suture types: Mesh suture, polydioxanone suture II, or FiberWire. Shoulders were loaded to failure under displacement control at a rate of 20 mm/min. Failure load was compared between suture types and techniques. Ultimate failure load was significantly higher in the specimens repaired with mesh suture than with polydioxanone suture II or FiberWire, regardless of suture technique. There was no significant difference in stiffness among the six groups, with the exception that FiberWire repairs were stiffer than polydioxanone suture II repairs with the simple interrupted technique. All specimens failed by suture pull-out from the tendon. Based on our biomechanical findings, rotator cuff repair with the mesh suture might provide superior initial strength against failure compared with the traditional polydioxanone suture II or FiberWire sutures. Use of the mesh suture may provide increased initial fixation strength and decrease gap formation, which could result in improved healing and lower re-tear rates following rotator cuff repair. ß
A rotator cuff tear is the most common disorder causing shoulder pain and dysfunction, especially in the middle-aged and elderly population. 1, 2 The treatment of rotator cuff tear is still individualized based on the patient's characteristics and symptoms; the various treatment options include medical management, corticosteroid injection, physical therapy, and surgical intervention. 3, 4 For the treatment of symptomatic patients, open or arthroscopic repair of the torn rotator cuff tendon has been shown to provide functional recovery and pain relief. Surgical repair, however, can be subject to early failure due to suture pull-out or failure under load. Several studies have investigated multiple factors that may cause repair failure, including patient characteristics (e.g., age, smoking status), rotator cuff tendon or muscle qualities, and time from tear to repair surgery.
Recent evidence suggests that the integrity of the repair may correlate with postoperative recovery of shoulder function. [4] [5] [6] [7] Biomechanical studies of repair techniques have focused on the repair site properties, such as initial fixation strength, gap formation, and mechanical stability. [8] [9] [10] In addition, suture material and suture technique have also been studied as factors that contribute to the initial strength of the tendonbone interface. [11] [12] [13] Recently, a mesh suture has been developed to repair detached soft tissues. This has been experimentally adopted for the treatment of abdominal wall defects, which are often subjected to high tensile forces after repair and suture pullthrough, leading to surgical failure. The study demonstrated that the mesh suture had a decreased incidence of pull-through and a doubling of early wound strength.
14 The possible mechanism for enhanced strength is the increased surface area of the mesh suture material engaging host tissue compared with standard suture, which leads to increased tissue regeneration around the filaments. Early tissue ingrowth, even at 8 days after mesh implantation, increased the mesh suture holding strength. The hollow suture automatically assumes a flat shape orthogonal to the direction of pull, which distributes the bearing loads over a larger area as an additional means to resist pull-through. [15] [16] [17] [18] However, this suture material has not been tested in tendon repairs, particularly rotator cuff repair, in which initial repair strength is crucial for clinically successful outcomes. 19 Therefore, the purpose of this study was to investigate the time-zero mechanical properties of rotator cuff repair using mesh suture and to then compare this immediate repair strength to that of two types of sutures currently used in the clinic in a canine infraspinatus in vitro model. In addition, two commonly used surgical repair techniques were compared. We hypothesized that tendons repaired with the mesh suture would have greater strength against failure and greater stiffness than conventional sutures, regardless of the suture technique.
MATERIALS AND METHODS

Sutures
A custom-made hollow mesh suture with a macroporous outer wall was used for this study. This suture is a cylindrical mesh suture 1.7 mm in diameter woven with 12 polypropylene filaments, each 0.15 mm in diameter. Of these, four red filaments are oriented linearly along the suture axis and eight white filaments cross between them. Eight additional filaments are braided to the four longitudinal sutures to create a mesh pattern. The cross-sectional area of the suture is approximately 0.022 mm 2 . Each filament is bonded to others at every contact point, and therefore, the suture maintains its shape without elongating visibly under tension (Fig. 1) . Polydioxanone suture II/0(PDSII/0 suture; Ethicon, Inc) and FiberWire suture 0 (Arthrex), both with diameter of 0.35 mm and cross-sectional area of 0.096 mm 2 , were used as the control sutures. On the basis of a previous publication, the PDSII/0 had similar tensile strength as the mesh suture.
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Infraspinatus Tendon Repair
Seventy-two shoulders were obtained from 36 mixed-breed dogs (body weight 26 AE 2 kg) that had been euthanized for other Institutional Animal Care and Use Committee-approved studies. All muscle attachments, except for the infraspinatus muscle, were detached from the humerus. The infraspinatus muscle was detached from the fossa infraspinata and cut with a 10 cm in length from the foot print. The infraspinatus tendon was isolated form surrounding tissues including capsule beneath and sharply transected uniformly at the level of tendon insertion to the tuberosity of the humerus.
For the repair of the infraspinatus tendon, two techniques-simple interrupted repair and suture bridge-were applied. Two stitches were passed through the tendon. The infraspinatus tendon was secured to the detached footprint after penetrating the sutures into three or four bone tunnels made at the greater tuberosity, as shown in Figure 2 . Preloading was applied to the suture by retracting the ends of two sutures with a consistent force of 10 N for 60 s. Shoulders were divided into six groups (three different suture materials using the two different repair techniques), with 12 shoulders in each group and six right shoulders and six left shoulders used randomly for each group: (i) mesh suture with simple interrupted repair; (ii) PDSII/0with simple interrupted repair; (iii) FiberWire suture with simple interrupted repair; (iv) mesh suture with suture bridge repair; (v) PDSII/0 with suture bridge repair; and (vi) FiberWire suture with suture bridge repair.
Mechanical Testing
After the infraspinatus tendon was repaired, the mechanical properties of the tendon-bone interface were evaluated using a servohydraulic universal testing system (858 MiniBionix II; MTS Systems, Eden Prairie, MN). A custom-made cryogrip cooled by liquid CO 2 was used to clamp the infraspinatus muscle belly of the specimen so that the clamp-muscle formed a frozen unit to prevent muscle slippage during the testing (Fig. 3) . The clamp gripped the tendinomuscular unit at 30 mm proximal to the humeral attachment. The humerus shaft was potted in an aluminum tube with polymethylmethacrylate, and the specimens were secured to the test machine base, with the humeral shaft axis oriented 120˚relative to the orientation of the tendon fibers to simulate the pull-out stress to the infraspinatus tendon.
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Load-to-Failure Tensile Test After 5 cycles of preloading the tendon between 5 and 10 N under displacement control mode at a displacement rate of 20 mm/min, specimens were loaded to failure, again under displacement control at the same rate. Load and actuator displacement were recorded until failure at a sample rate of 50 Hz. Ultimate repair strength was defined as the peak force observed. Stiffness was calculated by determining the slope of the linear region of the load-displacement curve after the initial toe region. After the failure, each specimen was observed macroscopically to identify the failure mechanism, including suture breakage, suture pull-out from the tendon, or bone avulsion.
Statistical Analyses
All data are presented as mean and standard deviation (AESD). Continuous variables of all data were tested for normality and equal variance before statistical analyses. Because the data presented a normal distribution, parametric tests were performed. The ultimate repair strength and stiffness of the two repair methods were compared using two-way ANOVA as two parameters (i.e., suture materials and repair techniques). A Tukey HSD (Honest significant difference) for pairwise multiple comparisons after a two-way ANOVA was used to compare the difference between suture types, and statistical significance was set at p < 0.05.
RESULTS
All the specimens were fixed firmly in the testing system, and no loosening of the cement/humerus interface or slippage of the tendon/clamp was observed. The failure mode of all repairs was suture pull-out from the tendon, while both the suture and bone tunnel remained intact. In simple interrupted repairs, the ultimate failure strength using mesh suture (54.21 AE 15.88 N) was significantly higher than with use of PDSII suture (46.61 AE 14.99 N; p ¼ 0.04) and FiberWire suture (36.09 AE 7.34 N; p ¼ 0.001), and the ultimate strength of PDSII was significantly higher than that of FiberWire (P ¼ 0.04) (Fig. 4) . In the suture bridge repairs, the ultimate failure strength of the mesh suture (53.76 AE 12.03 N) was significantly higher than that of PDSII (42.75 AE 7.21 N; p ¼ 0.01) and FiberWire (40.02 AE9.79 N; p ¼ 0.005). There was no significant difference in ultimate failure strength between PDSII and FiberWire sutures using the suture bridge technique (Fig. 4) . There also was no significant difference in ultimate failure strength between simple interrupted repair and suture bridge repair, regardless of suture materials (Fig. 4) . The stiffness was not significantly different between repair techniques (simple interrupted vs. suture bridge) or among suture materials (mesh suture, PDSII, or FiberWire), except that simple interrupted repair with FiberWire was significantly higher than that with PDSII (p ¼ 0.01) (Fig. 5 ).
DISCUSSION
Our results demonstrated that repaired tendon-bone interfaces using the mesh suture could provide significantly higher ultimate tensile force to failure compared with those repaired by classic sutures (PDSII and FiberWire). Dumanian et al. 14 reported that mesh suture resulted in increased strength of early wound healing in a rat in vivo laparotomy incision model. They suggested that the geometry of the mesh suture permits a considerable increase in suture size, surface area, and incorporation of cells and tissues related to the healing process, which may result in improved and accelerated healing properties after repairs. Our results are likely based on the suture repair properties alone and cannot provide evidence of tissue in-growth since this was an in vitro mechanical evaluation. The promising results from the current study, however, serve as the supporting preliminary for our future in vivo investigation on mesh suture for tendon repair. In addition to this finding, we also investigated whether mesh suture would perform differently with different repair techniques. We found that the strength to failure of the mesh suture was significantly increased, regardless of rotator cuff repair technique for simple interrupted suture and bridge suture techniques.
Healing of rotator cuff repair is thought to improve functional outcomes, and the factors associated with this are multifactorial. Cellular responses 21 and biomechanical factors 22 both have a role in determining clinical outcomes. 4 Although various methods including growth factor regulation, use of biological agents, cell therapy, gene therapy, and tissue engineering have been used to improve tendon-to-bone healing, mechanical properties of the repaired tendon are still inferior to those of normal tissues because of the impaired healing of damaged tissue surfaces. [23] [24] [25] Clinical and experimental studies have suggested that repair should be performed with a reliable and strong suture technique to minimize failure rates in terms of recurrent gap formation. 12, 26, 27 The mesh suture material may benefit tendon-bone interface healing after rotator cuff repair, because the stronger repair may decrease the risk of repair site gapping or rupture.
The optimal technique for cuff repair is still a matter of debate. 4 Studies have shown that the three major patterns of tendon repair failure are early 
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suture breakage, suture knot unraveling, or suture cutting through tissues. [28] [29] [30] Advances in suture material development have resulted in improvements in suture strength, which have decreased the incidence of early suture breakage but has increased the likelihood of knot unraveling and suture pull-out. 29, 31 Suture knot security has been studied and improved by adding more throws or special knotting configurations, especially when a high-strength suture is used. 29, 32, 33 The improvement in suture/tissue interface strength to prevent suture cutting through tissue is limited; however, due to weakness of the soft tissues, especially in a high-tension repair such as a hernia or tendon repair. Several strategies to increase tissue holding strength include placing more suture stitches, 34 adding mesh material, 35 or cross-linking tissue. 36 These techniques, however, require extra materials or procedures. Although a locking loop configuration has been introduced to increase suture/tendon strength, one concern has been that strangulation of the nutrient supply by the locking loops may affect tendon healing. [37] [38] [39] Furthermore, the complex surgical techniques of making locking configurations make clinical practice difficult and variable. 40, 41 Therefore, the mesh suture used for the current study seems to be an ideal suture material that simply and effectively improves repair strength without the need for extra materials, specialized training in surgical technique, or chemical agent treatment for cross-linking. The possible mechanism behind the mesh enhancement was speculated due to its large suture/tendon contact area because of the larger diameter ($1.7 mm) and multiple filaments (n ¼ 12) of the mesh suture compared to the FiberWire suture diameter ($0.4) and a single thread.
We selected the simple interrupted suture technique to decrease some variables caused by the complex locking repair technique, which simplified evaluation of the properties of the repaired tendon using the mesh suture. The simple interrupted suture has also been commonly used clinically for rotator cuff repair. 42, 43 We used the suture bridge technique, which is also widely used clinically, to compare different suture materials with different repair techniques. We found that the mesh suture showed superior strength regardless of the technique. Since the failure mode of all repairs was the same-suture pull-out from the tendon leaving both the suture and bone tunnel intact, this testing methodology illustrates the difference in tendon-suture interface between the mesh suture and conventional suture materials. Except for a significant difference between PDSII and FiberWire suture with the simple interrupted repair technique, there were no significant differences in stiffness, regardless of the suture type and technique. This might indicate a similarity in mechanical properties of rotator cuff tendon and suture material. However, the breaking force is highest for the mesh suture compared with the other two clinically used suture types, regardless of repair technique.
We acknowledge several limitations in this study. The use of healthy rotator cuff specimens rather than degenerative tendons does not realistically mimic the scenario of rotator cuff repair. Only a subset of repair techniques used clinically was considered in this study; other types of rotator cuff repair not used include Masson-Allen, single-and double-row techniques, and suture anchors. 44, 45 The stiffness was calculated based on the whole tendon portion located within the two clamps, which did not truly reflect the repair stiffness. Furthermore, the freezing technique to grip the speicmens did not control the clamp temperature to ensure tissues beyond the clamped muscle froze, which could affect tendon stiffness. Freezing was done in controlled bursts with qualitative monitoring of the clamp conditions. However, since the distance between clamps was the same across all testing samples, the comparison among the groups should be reliable. Finally, this study was exclusively performed in vitro, in which there was no tissue ingrowth between and around the mesh suture filaments. In vivo rotator cuff repair should be considered in future studies to validate our in vitro proof-of-concept findings.
CONCLUSION
Our results demonstrated that using mesh suture for rotator cuff repair increased ultimate failure strength compared with repairs using PDSII and FiberWire suture materials, regardless of surgical repair technique. Combining previous positive outcomes of the use of the mesh suture in an in vivo model, we believe this mesh suture material may be beneficial for rotator cuff repair in terms of increasing repair strength and also may enhance healing. The current data provide support for further in vivo studies using this suture material to assess biomechanical improvement after rotator cuff repair.
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